The present work compares the molecular recognition abilities of two molecularly imprinted polymers (MIPs) synthesized using two different functional monomers, viz. acrylamide (AA) and 4-vinylpyridine (4-Vp), employing gallic acid (GA) as the template using the non-covalent imprinting approach employing ethylene glycol dimethacrylate (EGDMA) as the cross-linker and 2,2-azo-bis-2-isobutyronitrile (AIBN) as an initiator in the porogen acetonitrile by thermal polymerization. The change in the electronic stabilization energies (∆E) of the template-monomer complexes formed between the template and functional monomers in the presence of the porogen were computed using Density Functional Theory (DFT) to interpret the nature of the interactions between them and to compare their stabilities. A systematic investigation of the molecular recognition abilities of the synthesized MIPs has been carried out by applying the Langmuir-Freundlich (L-F) adsorption isotherm model. The binding parameters obtained from the L-F model demonstrate that MIP AA exhibited a higher specific molecular recognition ability towards the template molecule.
INTRODUCTION
Molecularly imprinted polymers (MIPs) are cross-linked polymeric materials that exhibit a high binding capacity and selectivity towards a template purposely present during the synthesis process. In solution, the template interacts with functional monomers and the structure of these complexes is preserved by copolymerization in the presence of an excess amount of a cross-linker. After polymerization, the template is removed from the polymer matrix, thus leaving internal images with specific binding sites in the material.
MIPs are used as sensors (Syritski et al. 2008; Suedee et al. 1999) , catalysts (Wu and Shimizu 2009; Kirsch et al. 2009 ) and in drug-delivery systems (Singh and Chauhan 2008; Hiratania and Lorenzo 2004) . The major application area is the use of MIPs as sorbents in solid-phase extraction and in chromatography columns (Feng et al. 2009; Caro et al. 2004; Yin et al. 2006; Shi et al. 2007) .
The binding capabilities of MIPs are their most important material property (Rampey et al. 2004) . Thus, an understanding of the recognition properties of MIPs is vital to the development and optimization of MIPs. The binding properties can be calculated from the corresponding experimental binding isotherm, which is a measure of the concentration-dependent recognition behaviour of a system. The extraction of binding properties from isotherms requires the application of specific binding models and assumptions about the distribution of binding sites in MIPs.
In the present study, MIPs have been synthesized for the specific re-binding of an anti-oxidant, viz. gallic acid (GA). Gallic acid is one of the important naturally occurring polyphenolic anti-oxidants commonly used in the pharmaceutical industry due to their many potential therapeutic properties, including anti-cancer and anti-microbial properties (Moss 2000; Knekt 2004 ). In addition to its pharmacological importance, GA has a diverse range of industrial uses such as a food anti-oxidant, in cosmetics and in ointments. The sources of GA and the methods employed for its detection are based on chromatographic techniques (Pastore and Fratellone 2006; Pathak et al. 2004; Naik et al. 2006; Zuo et al. 2002; Naczk and Shahidi 2004; Zhang and Zuo 2006) . Due to its rigid structure, the presence of multiple functional groups and its versatile biological activity, GA has attracted much attention in recent years. The use of MIPs may provide a new technique for the large-scale separation and purification of GA (Pardeshi et al. 2011) . Attempts have been made earlier to extract GA from a natural matrix (Zhu et al. 2009; Karasová et al. 2006; Croitoru and Patachia 2009; Nicolescu et al. 2011) .
In this study, we have carried out a systematic investigation to compare the performance of two functional monomers, viz. acrylamide (AA) and 4-vinylpyridine (4-Vp), with GA. The change in electronic stabilization energy of the template-monomer complex (∆E) was determined for the pre-polymerization complex using both functional monomers in the presence of acetonitrile as a porogen. The stabilities of the complexes formed by both monomers were also compared theoretically. MIPs were synthesized using these two monomers in presence of the porogen (acetonitrile). The binding capacities of the polymers were also determined and are listed in Table 1 . The MIPs were found to exhibit higher specific affinities for GA as indicated by the higher imprinting factors. The Langmuir-Freundlich isotherm model was applied to generate the associated re-binding parameters.
This study could prove useful for fabricating highly efficient MIPs for the extraction of gallic acid which is an important anti-oxidant possessing anti-cancer and anti-mutagenic activities.
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MATERIALS AND METHODS

Chemicals
GA and 4-vinylpyridine (4-Vp) were purchased from Sigma-Aldrich (Buchs, Switzerland). Ethylene glycol dimethacrylate (EGDMA) and acrylamide (AA) were purchased from Merck (Darmstadt, Germany), while 2,2-azoisobutyronitrile (AIBN) was purchased from National Chemicals (India). Before use, AIBN was recrystallized using methanol. All solvents employed were either of reagent grade or HPLC grade as purchased from Merck (India) and were used without further purification.
Spectrophotometric analysis of compounds
Analyses were performed spectrophotometrically using a Shimadzu (Japan) UV-vis spectrophotometer with matched 1 cm quartz cells. Calibration curves at 272 nm for GA extraction experiments were prepared using standard solutions of GA in methanol and methanol/acetic acid (80:20 v/v). For the re-binding experiments, a calibration curve of GA at 268 nm was prepared in acetonitrile.
Molecular modelling
All computer simulations were undertaken on a personal computer fitted with an Intel Pentium 4 processor, 3.20 GHz CPU, 4 GB memory and a 260 GB hard disk employing the Linux Redhat operating system. The software packages used in this work were Gaussian 03 (Gaussian Inc., Wallingford, CT, U.S.A.) and Chem 3D Ultra (Version-8.0.3, Cambridgesoft Corporation, Cambridge, MA, U.S.A.). These packages allowed the structures of the individual fragments (template and functional monomers) to be drawn and the Cartesian coordinates of the stable structures generated to prepare an input file for running Gaussian simulations. The B3LYP/6-31G(d) (Becke-style 3-parameter Density Functional Theory using the Lee-Yang-Parr correlation function) basis set was used for geometry optimizations and frequency calculations. The geometries of the isolated GA and functional monomers were fully optimized. The structures of the template-monomer complexes were generated starting from the most stable GA structure; the functional monomers and complexes were also fully optimized at the same level. The calculated harmonic vibrational frequencies confirmed the structures as minima with no imaginary frequencies and enabled the evaluation of the zero-point vibrational energies (ZPVE). All ZPVE and frequencies were unscaled.
An additional single-point energy calculation was performed at the optimized structures using a larger basis set, viz. B3LYP/6-31+G(d,p), to obtain better values for the interaction energies. The counterpoise correction was implemented in each step of the iterative process to ensure that the complexes and monomers were being computed with a consistent basis set.
The binding energy (∆E) between GA and each functional monomer was calculated via the following equation: (1) where ∆E is the change in the electronic stabilization energy associated with the formation of the template-monomer complex, E template-monomer complex is the energy of the template-monomer complex, E template is the energy of the template and E monomer is the energy of the monomer molecules.
A similar procedure was performed in the presence of solvents using the Self Consistent Reaction Field (SCRF) method to calculate the value of ∆E for the template-monomer complexes in the presence of the solvent.
Preparation of imprinted and non-imprinted polymers
For such preparations, 0.17 g (1 mmol) of the template GA and 0.28 g (4 mmol) of the functional monomer AA were added to 10 m of acetonitrile contained in a round-bottomed flask, followed by 7.92 g (40 mmol) of the cross-linker (EGDMA) and 0.05 g of the initiator (AIBN). The pre-polymerization solution was sonicated for 15 min to effect the dissolution of all the precursors in the porogen. The mixture was cooled in ice and subsequently purged with nitrogen for 5 min to remove oxygen and other polymerization inhibitors. The flask was sealed and polymerization was induced thermally by placing the flask in a water bath maintained at 60 °C for 24 h to obtain MIP AA . The same procedure was followed using 0.42 g (4 mmol) of 4-Vp as the functional monomer to obtain MIP 4-Vp . The resultant rigid bulk polymers were washed with water several times to remove unreacted substances and dried at 55 °C. The dried products were crushed, ground to a powder with a mortar and pestle and passed through sieves (ASTM Nos. 200 and 240) to obtain particle-size fractions in the range 63-75 µm. Retained particles (≥ 75 µm) were re-ground and passed through the sieve again. The remaining fine particles were removed by sedimentation in acetone. Non-imprinted polymers (NIP AA , NIP 4-Vp ) were prepared and treated, following the same procedure as for the imprinted polymers but without addition of the print molecule (GA).
The MIP AA sample was washed with methanol in a Soxhlet extractor, the procedure being repeated until no desorbed template was observed in the eluent. Similarly MIP 4-Vp was washed using methanol/acetic acid (80:20 v/v) to extract GA from its polymeric matrix. MIP 4-Vp was washed with a 0.1 mmol/ Na 2 CO 3 solution followed by water to remove the residual acetic acid. Finally, the polymers were dried at 55 °C and stored at ambient temperature for subsequent experiments and characterization. The MIPs obtained after the extraction of GA (MIP AA and MIP 4-Vp ) were used for subsequent experiments.
Batch re-binding studies
All experiments were performed in triplicate for reasons of accuracy and precision.
Optimization of the equilibration time
The effect of time on the re-binding of GA was studied by adding accurately weighed 50 mg portions of MIP AA , NIP AA , MIP 4-Vp and NIP 4-Vp , each in different 100 m conical flasks, and mixing with 10 m of an 8 mmol/ solution of GA in acetonitrile. These mixtures were shaken at 25 ± 5 °C on a water bath shaker for fixed time periods starting from 30 min to 10 h. The concentration of GA was measured in the supernatant after centrifuging at 4500 rpm for 4 min.
Optimization of the dosage
The dosage optimization experiments were carried out employing 10 m of an 8 mmol/ solution of GA in acetonitrile and varying amounts of polymer in the 15-100 mg range for MIP AA , NIP AA , MIP 4-Vp and NIP 4-Vp . These mixtures were shaken at 25 ± 5 °C on a water bath shaker for an optimum time period. The solutions were centrifuged at 4500 rpm for 4 min and the supernatants filtered into 10 m volumetric flasks and analyzed for GA.
Equilibrium binding experiments for adsorption isotherm studies
Re-binding experiments were carried out to study the binding capacity of the MIPs. A series of GA standard solutions (1-20 mmol/ ) was prepared in acetonitrile. Then 10 m aliquots of each solution were mixed separately with the optimum dosage of the imprinted and non-imprinted polymers in 100 m conical flasks. These mixtures were shaken at 25 ± 5 °C on a water bath shaker for the determined optimum time period and thereafter the same procedure as mentioned above was followed.
RESULTS AND DISCUSSION
Molecular modelling
Application of the DFT calculation to MIP studies has the advantages of a high accuracy level of information, reliability and reasonable computational costs in comparison with other computational methods. The DFT method is an established tool for studying interactions such as hydrogen-bonding interactions (Riahi et al. 2009 ). The template-monomer complexes were optimized by considering all possible interactions between GA and each selected functional monomer. As a measure of such interaction, the change in the electronic stabilization energy (∆E) between them was calculated using equation (1). Figure 1 shows the optimized geometries of these template-monomer pre-polymerization complexes. Hydrogen bonds can be formed between proton donors such as amide and hydroxyl groups and proton acceptors such as carbonyl groups. Similar interactions were observed between hydrogen donors and acceptors in the template-monomer complexes. From Figure 1 , it can be (2) H (13) O (3) O (12) H (18) H (14) C (6) C (5) C (4) O (11) H (17) O (10) O (16) C (3) C (2) C (1) C (7) O (8) O (9) H (15) H (13) H (21) C(13) H (27) H (28) C (20) C (23) C (24) H (31) C (25) C (28) H ( seen that two hydrogen-bonding interactions are observed in the GA-AA complex between the amide group of AA and the carboxyl group of GA, since both AA and GA possess one hydrogenbond donor-acceptor group. The intermolecular interaction distance between the -OH groups of GA and the C=O group of AA was determined as 1.67 Å while a distance of 1.85 Å was found between the C=O group of GA and the amide -NH group of AA. Exploration of the possibility of an acid-base interaction between GA and 4-Vp to generate a GA-4-Vp complex in which a proton had been transferred to the base was unsuccessful. However, a hydrogen-bonding interaction distance of 1.85 Å between the carboxylic -OH group of GA and the nitrogen of 4-Vp was observed.
The nature of the template-monomer complex determines the quality and performance of the MIPs. Moreover, the quantity and quality of molecularly imprinted polymer recognition sites is directly related to the mechanisms and the extent of the monomer-template interactions present in the pre-polymerization mixture (Nicholls et al. 2001) . Thus, the strength of the prepolymerization complexes determines the ability of the MIP to selectively re-bind the template. As a measure of the affinity between the template and the monomer, the change in the electronic stabilization energy (∆E) during template-monomer complex formation was calculated in vacuum and in the porogenic solvent (acetonitrile). The values of ∆E for the most stable template-monomer complexes in vacuum and in the presence of acetonitrile are presented in Table 2 . GA-AA was found to more stable than GA-4-Vp. A possible explanation for the stability of the GA-AA complex is that a process involving a functional monomer capable of simultaneous interactions of the correct geometry is entropically unfavourable relative to that involving multiple single-point interacting monomers, which yields higher concentrations of the complexed template due to a reduction in the loss of the translational and rotational free energy. Thus, complexes involving simultaneous multiple interactions between the template and functional monomers are more stable due to their thermodynamically favourable structures (Nicholls et al. 2001) . Hence, GA-AA was more stable due to the formation of two hydrogen-bonding interactions relative to GA-4-Vp where only a single interaction was found to exist. The stability of the complexes was found to decrease in the presence of acetonitrile due to the interaction of the porogen with the complexes. It is observed from the figure that the amount of GA adsorbed increased with time and reached a saturation state within 5 h for the molecularly imprinted and non-imprinted polymers. As a consequence, all subsequent experiments were performed employing this optimum equilibrium time. The effect of polymer dosage on the binding capacity of polymers is presented in Figure 3 . This shows that the binding capacity increased as the amount of polymers employed increased and became constant after a particular dosage. Thus, maximum binding was observed when 50 mg of MIP AA and MIP 4-Vp were present in the system. The concentration of GA bound to the polymers, i.e. the binding capacity (B), was plotted against the free concentration of GA (F) in the solution as shown in Figure 4 . The adsorption isotherm models commonly applied to MIPs are the Langmuir isotherm, the Freundlich isotherm and the Langmuir-Freundlich (LF) model (Rusten et al. 2005) . The Langmuir isotherm [equation (2)] is the simplest and most frequently used model for characterizing MIPs: (2) where B and F are the amount of bound template and the concentration of free analyte in solution, respectively, N t is the number of available adsorption sites and K L is the association constant. The Langmuir isotherm can be applied in the form of the Scatchard equation, which can be re-arranged in the form of the Langmuir equation:
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Adsorption isotherms and binding site characterization
In the Langmuir theory, the energy or affinity distribution is a constant as the model assumes a homogeneous surface. However, it is difficult to assume that all the binding sites are identical from an energy point of view for a non-covalently imprinted system. The most easily applied continuous distribution model is the Freundlich isotherm [equation (4)] which describes "B" as a power function of "F" according to the equation:
where "a" is a Freundlich parameter related to the distribution of binding sites of different binding strength present in the polymer and "m" is the heterogeneity index (Rusten et al. 2005) .
Not all imprinted polymers can be modelled solely via the Freundlich or Langmuir isotherms. Although both isotherms can be used to characterize MIPs, they are only accurate within limited concentration regions. The Langmuir isotherm usually best models the saturation behaviour of an MIP in the high concentration region, whereas the Freundlich isotherm is limited to the lower sub-saturation concentration region of the binding isotherm. As MIPs are developed, the concentration window measured will begin to span both the saturation and sub-saturation regions. In addition, to obtain a more accurate characterization of a system, the isotherm should ideally be measured over both concentration regions. Such isotherms require hybrid heterogeneous binding models that span both the saturation and sub-saturation regions (Umpleby et al. 2001) . For these reasons, we have applied the Langmuir-Freundlich (LF) isotherm [equation (5)] for characterizing the MIPs in this study.
The LF model describes the relationship between the equilibrium concentration of bound (B) and free (F) analyte: (5) where "B" (µmol/g) is the amount of adsorbed analyte per unit weight of polymer, "F" (mmol/ ) is the concentration of analyte in solution at equilibrium, "a" is the distribution of binding sites of varying binding strengths present in the polymer, "m" is the heterogeneity index with values between zero and one, and "N t " is the total number of binding sites.
Equation (5) was used to fit the adsorption isotherm via a non-linear least-square fitting program as shown in Figure 5 , which yielded the values for the fitting parameters "a", "m", "N t " and K LF listed in Table 3 
Influence of solvent on the performance of polymers
The nature of the solvent plays an important role in the formation of the pre-polymerization complex. Use of a polar aprotic porogen such as acetonitrile could interfere with the ionic interactions between GA and 4-Vp, since polar solvents compete more efficiently with template molecules and thereby weaken the interaction between the monomer and the template. In addition, the phase separation of GA observed from the polymerization mixture could affect the extent of template-monomer interaction and lead to a reduction in the number of imprinting sites which would affect the re-binding performance. Song et al. (2009) reported similar results in the preparation of quercetine-imprinted polymers using 4-Vp as the functional monomer and acetonitrile as the porogen. The use of solvents with a low polarity is important for the generation of MIPs exhibiting better performances.
CONCLUSIONS
This report describes the synthesis of MIPs using gallic acid (GA) as a template and acrylamide (AA) and 4-vinylpyridine (4-Vp) as the functional monomers. The change in the electronic stabilization energy (∆E) during the formation of the template-monomer complex was used as a measure of the affinity between the template and the monomer; this was computed using molecular modelling experiments. Due to the formation of multiple hydrogen-bond interactions, the GA-AA complex was found to be more stable than the GA-4-Vp complex whose formation 32 Sushma Pardeshi et al./Adsorption Science & Technology Vol. 30 No. 1 2012 involved only a single interaction. Thus, a better re-binding performance was expected from MIP AA synthesized using the AA monomer. In order to validate the molecular modelling experiments, molecularly imprinted polymers were synthesized via radical polymerization using acetonitrile as the porogen with acrylamide and 4-vinylpyridine as the functional monomers. The resulting materials were characterized in terms of their binding performance.
Batch re-binding experiments performed with MIPs suggested that the structure of the pre-polymerization complexes reflected the structure of the binding sites obtained after polymerization, since MIP AA (based on AA) exhibited the highest percentage binding towards GA. The re-binding performance of the MIPs was characterized using the Langmuir-Freundlich isotherm model. The values of "N t " and "a" obtained indicated that MIP AA possessed a greater number of binding sites, a good distribution of binding sites of various affinities and a higher adsorption constant relative to MIP 4-Vp .
